Archaeal family B polymerases bind tightly to the deaminated bases uracil and hypoxanthine in single-stranded DNA, stalling replication on encountering these pro-mutagenic deoxynucleosides four steps ahead of the primer-template junction. When uracil is specifically bound, the polymerase-DNA complex exists in the editing rather than the polymerization conformation, despite the duplex region of the primer-template being perfectly base-paired. In this article, the interplay between the 3 0 -5 0 proofreading exonuclease activity and binding of uracil/ hypoxanthine is addressed, using the family-B DNA polymerase from Pyrococcus furiosus. When uracil/hypoxanthine is bound four bases ahead of the primer-template junction (+4 position), both the polymerase and the exonuclease are inhibited, profoundly for the polymerase activity. However, if the polymerase approaches closer to the deaminated bases, locating it at +3, +2, +1 or even 0 (paired with the extreme 3 0 base in the primer), the exonuclease activity is strongly stimulated. In these situations, the exonuclease activity is actually stronger than that seen with mismatched primer-templates, even though the deaminated base-containing primer-templates are correctly base-paired. The resulting exonucleolytic degradation of the primer serves to move the uracil/ hypoxanthine away from the primer-template junction, restoring the stalling position to +4. Thus the 3 0 -5 0 proofreading exonuclease contributes to the inability of the polymerase to replicate beyond deaminated bases.
INTRODUCTION
DNA polymerases from many species, including bacteria, viruses and eukaryotes, possess a 3 0 -5 0 proofreading exonuclease activity which removes misincorporated bases from extending primers, thereby improving fidelity. The catalytic centres responsible for polymerase and exonuclease functions are well separated and co-crystal structures with DNA being extended (polymerase conformation) or subject to exonucleolytic proofreading (editing conformation) are distinct (1) (2) (3) (4) (5) (6) . The family-B DNA polymerases from the archaeal domain also demonstrate proofreading activity, and, consequently, are able to synthesize DNA with high accuracy. This feature, combined with extreme thermostability, makes these enzymes very useful in the PCR (7, 8) . Crystal structures of a number of archaeal polymerases, e.g. from Thermococcus gorgonarius (Tgo-Pol) have demonstrated, as expected, significant distance between the polymerase and exonuclease active sites (9) .
Archaeal DNA polymerases have an additional unusual property, binding tightly to the deaminated bases uracil and hypoxanthine and stalling DNA replication when these bases are encountered (10) (11) (12) (13) (14) (15) (16) . During replication, these polymerases scan the template strand ahead of the replication fork and capture uracil/hypoxanthine in a specific pocket, when it is encountered four bases ahead of the primer-template junction (10, 15) . The subsequent cessation of replication stops the copying of uracil with adenine, and the conversion of a C:G to a T:A base-pair, in cases where the uracil resulted from cytosine deamination (10) . Similarly, trapping of hypoxanthine (which can arise from adenine deamination) prevents A:T to G:C transitions. Recently, a crystal structure of Tgo-Pol, in complex with a primer-template containing uracil at the optimal +4 position in the template, has been solved (13) . As anticipated (11) , the uracil was flipped into a specific binding pocket located within the polymerase N-terminal domain. Comparison with a related family B DNA polymerase from the RB-69 bacteriophage, for which both editing and polymerization complexes have been determined (17, 18) , indicated that the archaeal polymerase bound the uracil-containing DNA in an editing mode ( Figure 1 ). This observation was somewhat unexpected as the duplex region of the uracil-containing primertemplate contained only bona fide Watson-Crick base-pairs.
Prior to the structure of Tgo-Pol with a uracilcontaining primer-template, no link between deaminated base recognition, mediated by the N-terminal domain, and proofreading activity, catalysed by a distinct exonuclease domain, was suspected. Indeed, most mechanistic and structural investigations of deaminated base recognition have been conducted with polymerase mutants lacking exonuclease activity (exo À ), to prevent unwanted degradation of primer-templates (10) (11) (12) (13) (14) (15) . With the observation that uracil capture places the DNA in an editing conformation, this study investigates any potential role of the 3 0 -5 0 exonuclease activity in preventing replication beyond template strand deaminated bases. The family B polymerase from Pyrococcus furiosus (Pfu-Pol), which has $80% amino acid sequence identity to Tgo-Pol and has previously been employed extensively to characterize uracil recognition, has been used in all experiments.
MATERIALS AND METHODS

Exonuclease assays
The primer-templates (primers labelled at the 5 0 -end with Cy5) used for exonuclease assays are shown in Table 1 .
Reactions were carried out in 400 ml of 20 mM Tris-HCl (pH 8.5), 10 mM KCl, 20 mM MgSO 4 , 10 mM (NH 4 ) 2 SO 4 , 20 nM primer-template, 100 nM Pfu-PCNA (19) and 100 nM Pfu-Pol (20) , the last component being added for initiation. Exonuclease assays were carried out with both wild type Pfu-Pol (20) and V93Q, a deaminated base insensitive mutant (11, 13) . The assay temperature was 30 C and timed 40 ml aliquots were withdrawn and the reaction quenched by addition of 40 ml stop buffer (40% formamide, 0.1 M EDTA and orange G) and 1 ml of a 100 mM solution of 'competitor DNA' (an exact complement of the template strand under study but lacking Cy5). The samples were denatured by heating to 90 C for 10 min and then rapidly cooled on ice. The excess of the 'competitor' prevents any rehybridization of the Cy5 primer to the template and ensures all the Cy5 primer, and products derived from it, remain single stranded during analysis. Products were detected using denaturing polyacrylamide (15%) gel electrophoresis (even while using denaturing gels, we observed significant hybridization of the Cy5 primer to the template if the competitor was omitted, the resulting double-stranded structures interfering with the assay) followed by fluorescence detection using Typhoon scanner (GE Healthcare). For reactions with fast time courses, an RQF-63 rapid quench flow apparatus was used (Hi-Tech Scientific, Bradford on Avon, UK).
Primer-template extension assays
The conditions and analysis methods were identical to exonuclease assays except that 400 mM each of dATP, dCTP, dGTP and dTTP were added to the reaction mixture and the assay temperature was 50 C. Extension assays were carried out both with wild type Pfu-Pol and the D215A point mutant, which is disabled in 3 0 -5 0 exonuclease activity (20) . A second set of experiments used the deaminated base insensitive mutation V93Q (11, 13) and the double mutant V93Q/D215A, disabled in both deaminated base recognition and 3 0 -5 0 exonuclease activity.
Data analysis
For band-density analysis of gel images, 'Image Quant' software (GE Healthcare) was used to determine the percentages of substrate and products. Data was fitted to the equation for a first order reaction using 'Grafit' (Erithacus Software, London), allowing determination of the rate constant for selected reactions.
RESULTS
Primer-templates for Pfu-Pol exonuclease assays
The primer-templates shown in Table 1 have been exploited to investigate any coupling between deaminated base recognition and 3 0 -5 0 exonuclease by Pfu-Pol. The series labelled AA/TT has, for the control, two A:T base pairs in the double-stranded region immediately adjacent to the primer-template junction. Within the AA/TT set, the first two entries are primer-templates, containing only Figure 1 . Structure of Tgo-Pol bound to a uracil-containing primertemplate (red) (13) . Superimposed are the expected positions of DNA bound in the polymerization mode (cyan) (17) and the editing mode (blue) (18) derived from structures of the family-B polymerase from bacteriophage RB69. The position of the uracil-containing primertemplate clearly maps to the editing conformation more closely than to the polymerization. the four standard bases, either completely Watson-Crick base-paired (control), or with a single mismatch at the primer-template junction (mismatch). The remaining nucleic acids all contain a single uracil in the template strand. In two cases, the uracil is located in the duplex region [at positions À1 and 0 (at the primer-template junction)], in both instances being correctly base-paired with adenine. For the remainder, the uracil is located in the single-stranded region of the template spanning positions +1 to +4. A second series, documented GC/ CG, has a slightly shorter primer strand which, with the control, places two G:C base pairs at the primer-template junction. This set consists of a fully base-paired control, a single mismatch at the primer-template junction and uracil or hypoxanthine at locations +2 and +4.
Exonuclease activity of Pfu-Pol in the presence of template strand deaminated bases Any influence of the polymerase 3 0 -5 0 exonuclease activity on the recognition of deaminated base was initially investigated using the AA/TT set under single turnover kinetic conditions. The polymerase binds tightly to uracil/hypoxanthine-containing primer-templates, resulting in complete binding of the DNA with a slight excess of protein at achievable concentrations of both components (15, 19) . Unfortunately, the poor interaction of the polymerase with standard primer-templates (e.g. DNA labelled control and mismatch in Table 1 ) makes full binding of the DNA difficult to achieve at reasonable concentrations of the two macromolecules. Fortunately, the presence of PCNA, the processivity clamp for Pfu-Pol, significantly improves the interaction of primertemplates with the polymerase. Therefore, all reactions contained Pfu-Pol (100 nM), PCNA (100 nM) and primer-template (20 nM), conditions previously shown to result in full binding of primer-templates, including those lacking uracil/hypoxanthine, to the polymerase and, hence, single turnover conditions (19) . Figure 2 shows the exonucleolysis of the AA/TT primer-templates listed in Table 1 , under the single turnover conditions detailed above, and over a time course of two minutes. The fully base-paired control is degraded with a half life of about 1 min and, as expected, the mismatched substrate is hydrolysed more rapidly, with most of the starting material removed at about 45 s. Remarkably, the primertemplates containing uracil at positions 0, +1, +2 and +3 are broken down very rapidly with the majority of the initial primer removed within 10 s. In contrast, when uracil is at +4, exonucleolysis is slow and most of the primer persists for the entire 2 min reaction time. The primertemplate with uracil at À1 behaves in a similar manner to the control and is broken down neither especially rapidly nor slowly, as seen with the other uracil-containing substrates.
To confirm the generality of the above results, a second set of experiments has been undertaken with the GC/CG series of primer-templates. The essential difference is that the first set contains two A:T base-pairs at the 
The top oligodeoxynucleotide serves as the primer strand (written in 5 0 -3 0 direction) and the bottom as the template (3 0 -5 0 direction). Emboldened and underlining is used to highlight bases that differ from the appropriate control template.
primer-template junction, the second two G:Cs. The A:T series is expected to be more susceptible to 'fraying' than the G:C, giving rise, more easily, to single-stranded regions at the immediate 3 0 -terminus of the template. The proofreading 3 0 -5 0 exonuclease activity of DNA polymerases requires unwinding of the template, with the generation of single strands, for activity (17, 18) . Therefore, the nature of the bases at the junction may influence the role the exonuclease plays on encountering deaminated bases. However, as shown in Figure 3 , the exonuclease acts similarly on uracil, regardless of the base composition at the primer-template junction. Thus, for the GC/CG set the presence of uracil at +2 results in rapid exonucleolyis, faster than that observed for the mismatch. With uracil at +4, hydrolysis is slightly slowed, relative to the fully base-paired control. Uracil at other positions (U+1, U+3) causes the polymerase to behave in an analogous manner to that seen with the AA/TT primer-templates, with rapid exonuclease activity (data not shown). Figure 3 also shows the behaviour seen with hypoxanthine, the deamination product of adenine, which is also recognized by the polymerase (15, 19) . As with uracil, the presence of hypoxanthine at the +2 and +4 locations results in very rapid and marginally reduced exonucleolytic degradation, respectively.
To put the data observed in Figures 2 and 3 on a more quantitative basis, the first order rate constants for the exonucleolysis of selected primer-templates have been determined. For the AA/TT set, experiments were carried out with the control, mismatch, U+2 (as representative of U0, +1, +2 and +3) and U+4 primer-templates. The same representatives (control, mismatch U+2 and U+4) were used with the GC/CG primer-templates, and in this case, H+2 and H+4 were also investigated. Rate constants were determined by carrying out the hydrolysis reactions over appropriate time spans, and the gels obtained (not shown) were of similar quality to those in Figures 2 and 3 . Fits to single exponential decay plots, obtained for the AA/TT series, are shown in Figure 4 and the first order rate constants obtained are summarized in Table 2 . All members of the AA/TT series are degraded more rapidly than their corresponding GC/CG partners, presumably because the 'weaker' primer-template junction is more prone to 'fraying' and the formation of single strands needed for exonucleolysis. Thus, for example, the control AA/TT has a rate constant for degradation some 75-fold higher than the corresponding GC/ CG control. Similar ratios are obtained from other comparable pairs and, therefore, the influence of both mismatches and deaminated bases are similar in the two sets. The mismatched primer-template is hydrolysed about 5 (GC/CG)-10 (AA/TT) fold faster than the control. Most striking is the very rapid degradation of primer-templates containing a deaminated base at +2, maintained for both GC/CG and AA/TT and occurring with both uracil and hypoxanthine. Depending on the precise primer-template, exonucleolysis takes place about two orders of magnitude faster than controls, at even more rapid rates than seen for mismatches. Sequences containing a deaminated base at +4 are hydrolysed more slowly than the appropriate control, albeit by rather small (<2) factors. To determine the influence of the 3 0 -5 0 exonuclease activity on the ability of Pfu-Pol to replicate beyond template strand deaminated bases, extension assays have been carried out with the control and U+4 primertemplates, in both the AA/TT and GC/CG series, listed in Table 1 . Experiments were also recorded with I+4 in the GC/CG context. In contrast to the exonuclease experiments (performed at 30 C), extensions were carried out at 50 C in order to produce measurable results with deaminated base-containing templates. The results are given in Figure 5 , which shows that replication using control templates (i.e. lacking deaminated bases) is the same for the exo + and exo À variants of Pfu-Pol ( Figure 5 , panels A and C). The extension ladders are identical with full length product appearing in 5 min. In agreement with earlier results (10, 15, 19) , copying beyond uracil is extremely slow and requires extended times of up to 24 h. Nevertheless, it is apparent that the exo À variant is more proficient at extension, with product clearly visible at 1 and 3 h and most of the starting material consumed after 6 h. With the wild type exo + Pfu-Pol barely any product can be seen after 1 and 3 h and the majority of the substrate is still present after 6 h ( Figure 5, panels B and D) . Similar results were seen with I+4 ( Figure 5 , panel E), where the exo À variant produced more full length product then exo + .
Stimulation of exonuclease activity is dependent on deaminated base binding
To verify that the marked increase in exonuclease rates seen on encountering uracil/hypoxanthine is a consequence of their specific binding, a deaminated base insensitive mutant, V93Q, has been used. Valine 93 makes a hydrophobic stacking interaction with uracil and its replacement with glutamine sterically occludes binding (13) . As a result, V93Q does not bind strongly to deaminated bases and the stalling response is largely abolished. As shown in Figure 6 (panels labelled with an A), shown (similar quality fits were obtained with the GC/CG set). For U+2, a rapid quench apparatus was used; for the other three primer-templates, manual stopping of the reactions was sufficient. The rate constants found are given in Table 2 . the gel patterns seen for exonucleolysis of the GC/CG set are largely independent of the presence of a deaminated bases. Confirmation comes from Table 3 , which illustrates that there is little difference in the rate constants observed for the exonuclease activity of V93Q with the control, U+2, U+4, H+2 and H+4. In particular, there is no marked acceleration with a deaminated base at +2, as seen with the wild type polymerase. A slight (2.6-fold) increase is seen with V93Q and U+2, but this is very much less than the factors measured with the wild type and may be accounted for by residual binding ability of the mutant. It is also noted that V93Q has a less powerful endonuclease activity than the wild type (compare the GC/CG controls in Tables 2 and 3 ); at present, the origin of this difference is unclear. Figure 6 (panels marked B) also shows that the exo À variant of V93Q is no more proficient at reading beyond deaminated bases than exo + , again in contrast to the wild type. V93Q exo À is slightly better at extension than exo + (again why this arises is unclear), but this is a general change seen with the controls as well as the uracil/hypoxanthine containing primer-templates.
CONCLUSIONS
This article elucidates the role that the 3 0 -5 0 proofreading exonuclease activity of archaeal family-B DNA polymerases plays in uracil recognition. Control experiments established the background rates for fully base-paired primer-templates and mismatch substrates. The increase in rate constant by about an order of magnitude when a mismatch is present at the primer-template junction is typical for DNA polymerases (3, 21, 22) . However, we note that primer-templates terminated in two A:T base pairs are acted on much more rapidly than those ending G:C, assuredly due to the greater ease of unwinding the former. Using a fully base-paired primer-template with uracil or hypoxanthine at the +4 position results in slight inhibition of the exonuclease activity and such nucleic acids are also extended extremely slowly (10) (11) (12) 14, 15, 19) . A crystal structure of Tgo-Pol, complexed with a U+4 primer-template, shows that the DNA sequence adopts an editing conformation but the 3 0 base of the primer remains double-stranded and does not protrude into the exonuclease catalytic centre (Figure 1 ) (13) . A primer-template bound in such a mode would be acted upon poorly by both the exonuclease and polymerase activities, explaining the observed results. Perhaps the most remarkable finding is the strong stimulation of exonuclease activity, by about two orders of magnitude, with primer-templates containing uracil at +3, +2, +1 and 0 and also with hypoxanthine at +2. No structural data are available for an archaeal Figure 5 . Gel images for the extension of primer-templates using wild type Pfu-Pol (exo + ) and Pfu-Pol D215A, a 3 0 -5 0 proofreading exonuclease deficient mutant (exo À ). Unlike exonuclease assays (performed at 30 C), extensions were carried out at 50 C in order to produce observable incorporation with deaminated base-containing templates. The primer-templates are identified above each image. Note the much longer time courses needed to observe extension with deaminated bases present as compared to controls. polymerase in complex with DNA containing a deaminated base at any of these locations. We would suggest that the DNA binds in an editing conformation but, additionally, the 3 0 -terminus of the primer strand unwinds to give a single-stranded region that enters the exonuclease active site (Figure 7) . Although archaeal polymerases bind most tightly to primer-templates containing uracil at +4, significant affinity is still seen when uracil is positioned at +3, +2 and +1 (12) . Previously it was unclear how the enzyme could accommodate shifts in uracil location without significant relative re-positioning of the uracil-binding pocket and the active site amino acids responsible for interaction with the primertemplate junction. Linking the degree of melting of the primer strand with the position of uracil would maintain the effective separation between uracil and the primertemplate junction at around 4 bases. It seems clear that the binding energy available from the polymerase-uracil/ hypoxanthine interaction can, in certain circumstances, result in the unwinding of fully base-paired primertemplates, leading to rapid exonuclease activity. We note that the stimulation of the exonuclease ceases with uracil at À1 and the polymerase is no longer able to recognize the base once this position is reached. Further, the effect is observed for both 'weak' and 'strong' primer-templates, terminated in A:T and G:C base-pairs, respectively. Table 3 . The figures on the right (designated with a B) are polymerization assays for both V93Q exo + and V93Q exo À using the primer-templates identified above each of the panels. All assays were carried out at 30 C. Thus interaction of the polymerase with deaminated bases appears to be powerful enough to unwind even robustly base-paired junction. It is well established that the main role of the 3 0 -5 0 proofreading exonuclease activity is to excise bases aberrantly incorporated by the polymerase, thereby correcting replication errors and increasing fidelity (1-6). Additionally, the exonuclease appears to play a role in handling any non-canonical bases that a polymerase may encounter on template strands during replication. Many polymerases have been observed to 'idle' on running into template strand damage, making sequential use of their polymerase and exonuclease activities to repeatedly add and remove a standard base opposite the lesion (3, (22) (23) (24) (25) . During 'idling', repeated dNTP to dNMP turnover is not accompanied by net DNA synthesis or degradation. Critically, the polymerase is prevented from progressing beyond the damage and the potential for permanently fixing a mutation is, thereby, avoided. It has also been suggested that turnover of dNTPs may be the signal for initiation of appropriate repair pathways (23) . Previous studies have suggested that deaminated base recognition, a function unique to family-B archaeal replicative DNA polymerases (26) , acts to proofread the template strand and prevent replication beyond uracil/ hypoxanthine (10) (11) (12) (13) (14) . Uracil can arise in DNA by deamination of cytosine in C:G base-pairs to give a pro-mutagenic U:G mispair, a process favoured by the hyperthermophilic environments of many archaea (27) (28) (29) . Uracil is mistaken for thymine by most DNA polymerases and unless the U:G mismatch is repaired, replication results in 50% of the progeny inheriting a C:G ! T:A transition mutation. Similarly, deamination of adenine to hypoxanthine results in A:T ! G:C transitions following replication. Stalling of replication by the archaeal polymerase prevents such deaminated base-induced mutations and presumably also initiates DNA repair by an, as yet unknown pathway, that probably involves error-free recombination (30, 31) . This article shows that the 3 0 -5 0 exonuclease activity of archaeal polymerases plays a role in preventing replication beyond uracil/hypoxanthine, further checking the template strand proofreading function of the deaminated base-binding pocket. During replication, stalling takes place when uracil/hypoxanthine is encountered at +4, largely switching off both the polymerase and exonuclease activities. Any further progression of the polymerase towards the deaminated base results in strong activation of the exonuclease activity, which degrades and shortens the extending primer ( Figure 7) . As a consequence, the separation between the deaminated base and the primertemplate junction is restored, strongly decreasing the probability that the polymerase proceeds beyond uracil/ hypoxanthine. The influence of the exonuclease activity is apparent from Figure 5 ; an exo À variant gives more fulllength product in the presence of uracil than the wild type enzyme with a functional proofreading activity. Repeated polymerase/exonuclease cycles in response to deaminated bases is reminiscent of 'idling' described above. However, until now, triggering of exonuclease activity, essential for 'idling', has been dependent on the mismatched base-pair produced when a polymerase copies a damaged base. Such mismatches both stimulate exonuclease activity and are difficult to extend (3, 23) . The archaeal polymerase response to uracil/hypoxanthine does involve a damaged base, but not a base-pair mismatch as the deaminated base remains in the single-stranded region of the template. Rather, 'idling' in this instance flows from the specific capture of uracil/hypoxanthine by the N-terminal domain of the polymerase (Figure 7 ). Idling by Pfu-Pol on encountering a template strand deaminated base. The polymerase (yellow) captures uracil four bases ahead of the primer-template junction using a specific binding pocket (green). Further, extremely slow, polymerization can add two bases to give a strained conformation (indicated by hatched borders) in which the primer-template junction and the uracil binding site are too close, with a separation of two bases. A conformational change restores the spacing to four bases by unwinding the terminal two bases in the primer and, hence, relieves the strain. This conformational change places the single-stranded bases in the 3 0 -5 0 exonuclease site (rose) enabling their removal.
